The neuropeptide somatostatin (SRIF) is an important modulator of neurotransmission in the central nervous system and acts as a potent inhibitor of hormone and exocrine secretion. In addition, SRIF regulates cell proliferation in normal and tumorous tissues. The six somatostatin receptor subtypes (sst1, sst2A, sst2B, sst3, sst4, and sst5), which belong to the G protein-coupled receptor (GPCR) family, share a common molecular topology: a hydrophobic core of seven transmembrane-spanning a-helices, three intracellular loops, three extracellular loops, an amino-terminus outside the cell, and a carboxyl-terminus inside the cell. For most of the GPCRs, intracytosolic sequences, and more particularly the C-terminus, are believed to interact with proteins that are mandatory for either exporting neosynthesized receptor, anchoring receptor at the plasma membrane, internalization, recycling, or degradation after ligand binding. Accordingly, most of the SRIF receptors can traffic not only in vitro within different cell types but also in vivo. A picture of the pathways and proteins involved in these processes is beginning to emerge.
Receptor export along the secretory pathway represents the first event in the trafficking of receptors within the cell and influences the proper delivery of functional receptors at the plasma membrane. As for other G protein-coupled receptors (GPCRs), little is known about the mechanisms underlying somatostatin receptor export trafficking, although recent studies conducted in transfected cells have shed light on the potential proteins that could regulate sorting of the sst2A and sst5 receptors. By contrast, trafficking of somatostatin receptors after ligand binding (endocytosis, recycling, or degradation) has been well documented, first in transfected cell lines and primary cell cultures and more recently, in vivo, in a native environment. Among the six somatostatin receptors, endocytosis and trafficking of the sst2A receptor have been the most extensively studied because of its wide and strong expression in nervous, endocrine, and tumor tissues and the development of highly specific antibodies.
Agonist-induced internalization of SRIF receptors in cell lines has been recently reviewed , Tulipano & Schulz 2007 , Jacobs & Schulz 2008 . Differences between human and rodent SRIF receptor subtypes with respect to receptortrafficking properties, as well as the fact that the same receptor may differ in terms of trafficking depending on the cell type studied, are discussed in detail. In this review, we will therefore first focus on the recent progress made with respect to the intracellular trafficking of somatostatin receptor in vivo in different rodent and human tissues. We will then discuss the role of the different proteins that might be involved in export trafficking and receptor trafficking that follows internalization processes.
Trafficking of somatostatin receptors: what is going on in the physiological context?
The first evidence that somatostatin receptors might traffic in native cells came from the clinical cancer research field. Studies in the 1980 and early 1990s using in vitro receptor autoradiography have demonstrated a very high incidence and often a high density of somatostatin receptors in neuroendocrine and brain tumors, although receptor subtypes could not be precisely identified at that time (Reubi et al. 1987 (Reubi et al. , 1990 (Reubi et al. , 1991 (Reubi et al. , 1992 . Thanks to the cloning of somatostatin receptors, it was further demonstrated that the sst2A subtype is the most abundantly expressed receptor in the majority of tumors (Reubi et al. 1996 , Hofland et al. 1999 , Schulz et al. 2000b In-radiolabeled somatostatin analogs by tumor cells allows the in vivo localization of tumors and their metastases for 24-48 h by d-camera scintigraphy (Reubi 2003 , Weckbecker et al. 2003 . This was supposed to be dependent on somatostatin receptor internalization, i.e. translocation of cell surface receptors to intracytoplasmic compartments and accumulation of radioactivity within the cell. In vivo trafficking of somatostatin receptors was first indicated by ultrastructural autoradiography in midgut carcinoid tumor tissues obtained from patients undergoing preoperative somatostatin receptor scintigraphy (Janson et al. 2000) . Silver grains were seen not only at the plasma membrane but also in intracytoplasmic compartments as well as in perinuclear areas and nuclei. Additional confirmatory proofs were recently obtained using antibodies against the sst2A receptor in tumor samples from patients who were treated with various octreotide modalities before and during surgery and compared with tumor samples from untreated patients (Reubi et al. 2010) . Patients receiving a high dose of octreotide showed predominantly internalized sst2A receptor in tumoral cells, and tumors from patients with a low dose had a variable ratio of internalized vs membranous sst2A receptor, whereas tumors of untreated patients had exclusively membrane-associated receptors. These observations provided evidence that sst2A receptor trafficking properties are likely to allow successful tumor imaging in patients, as well as targeted tumor radiotherapy. Interestingly, it also appears that endogenous somatostatin might induce sst2A receptor internalization in tumors since a preferentially cytoplasmic localization of the receptor was observed in tumors with a high level of somatostatin gene expression (pheochromocytoma and neuroblastoma), whereas in tumors lacking somatostatin mRNA (small-cell lung carcinoma, medulloblastoma, and paraganglioma), the receptor was preferentially membrane associated (Reubi et al. 2000) . It is of note that radiolabeled somatostatin receptor antagonists were recently demonstrated to exhibit higher efficacy imaging properties than receptor agonists. Whereas agonists trigger strong internalization but bind to a limited number of receptors, antagonists lack internalization capabilities but appear to bind to a larger variety of receptor conformations (Ginj et al. 2006) . The use of potent radiolabeled antagonists may therefore improve the sensitivity of tumor imaging and the efficacy of receptor-mediated targeted radiotherapy. Although, in addition to the sst2A subtype, other somatostatin receptors are expressed in human tumors (Kulaksiz et al. 2002 , Ben-Shlomo & Melmed 2010 , Lupp et al. 2011 , to our knowledge, in vivo receptor trafficking of these subtypes has not yet been documented.
Evidence that somatostatin receptors can traffic in vivo also comes from the neuroscience research field. Acute injections of octreotide in the deep layers of the cerebral cortex, hypothalamus, dorsolateral septum, or the hippocampus induce a massive redistribution of the sst2A receptor immunoreactivity in neuronal cells as demonstrated by confocal or electron microscopy , 2003 , Le Verche et al. 2009 . A short time after agonist injection (5-10 min), receptors translocate from the plasma membrane to endocytic vesicles in both cell bodies and dendrites, whereas in the long term after agonist challenge (3-6 h), dendrites are depleted in receptors, which accumulate in cell bodies. This retrograde transport was found to be dependent on the integrity of microtubules. At the level of the cell body, receptors are specifically targeted to a trans-Golgi network (TGN) compartment and are not visualized in the cis-Golgi, the endoplasmic reticulum, or degradative pathways. Receptors are then slowly recycled to the plasma membrane of both cell bodies and dendritic fields, where they are detected in amounts comparable to the pre-stimulation levels. These experiments have demonstrated for the first time that GPCR cargoes can recycle through the TGN after endocytosis. This long route might be necessary for biochemical modifications (glycosylation, palmitoylation, etc.) of recycled receptors and/or receptor interaction with escort/chaperone proteins and proper delivery to the plasma membrane (Duvernay et al. 2005) . As hypothesized in several tumor types, different studies have provided evidence that endogenous brain somatostatin can also induce trafficking of somatostatin receptors. In the rat brain, the sst2A receptor was found to be mainly intracellular in regions receiving a dense SRIFergic innervation but more heavily surface bound in regions that receive a sparse SRIF innervation (Dournaud et al. 1998) . Recently, the sst1 receptor was also found to be predominantly intracellular in GHRH-producing neurons of the arcuate nucleus of the hypothalamus, a neuronal population that receives a dense SRIF innervation (Stroh et al. 2009) . In a rat model of middle cerebral artery occlusion, sst2A receptor internalization was observed in cerebrocortical neurons adjacent to the infarct . This was associated with a transient and acute depletion of somatostatin from axonal terminals in the same regions. In the hippocampus of human and rat epileptic brains, sst2A receptor immunoreactivity was preserved in the inner, but decreased significantly in the outer, molecular layer of the dentate gyrus (Csaba et al. 2004 (Csaba et al. , 2005 . In this latter region, pronounced increase in SRIF immunoreactivity was observed. Decreased receptor density in epileptic tissues is likely to reflect internalization and slow recycling of sst2 receptors in response to high and chronic release of SRIF. Collectively, these studies tend to prove that SRIF released during physiological or pathophysiological conditions is able to regulate localization and trafficking of SRIF receptors.
Trafficking of somatostatin receptors: which proteins might be involved ?
With the exception of the sst4 (Schreff et al. 2000) , there is indeed ample evidence that membrane-associated somatostatin receptors internalize in vivo and/or in vitro after agonist stimulation. As for other GPCRs, these processes appear to be dependent on molecular mechanisms implying phosphorylation events and recruitment of b-arrestins. In Chinese hamster ovary (CHO) cells stably transfected with the rat sst1 receptor, incubation with SRIF caused a rapid (t1/2 !2 min) increase in receptor phosphorylation in a dosedependent manner ( Fig. 1 ; Liu & Schonbrunn 2001) . The protein kinase C (PKC), but not the PKA, could be involved in sst1 receptor phosphorylation events in this cell line. The inability of pertussis toxin to block SRIF-stimulated sst1 receptor phosphorylation suggests that agonist-stimulated phosphorylation is independent of receptor-G protein coupling, although receptor phosphorylation occurs concurrently with receptor desensitization. Whether phosphorylation is required for sst1 receptor internalization remains to be elucidated. Phosphorylation of sst2A receptor is also rapidly increased by agonist activation (Fig. 2) . Several serine and threonine residues in the C-tail of the sst2A receptor are phosphorylated upon agonist stimulation, namely, Ser341, Ser343, Ser348, Thr353, and Thr354 in rat sst2A receptor transfected CHO and GH4C1 rat pituitary tumor cells (Liu et al. 2009) , and Ser341, Ser343, Thr353, Thr354, Thr356, and T359 in HEK293 human embryonic kidney cells stably transfected with rat or human sst2A receptor . Agonistdependent phosphorylation of the four Thr residues was also demonstrated in rat pituitary GH3 cells transiently transfected with rat sst2A receptor, rat pancreatic insulinoma INS1 cells, which endogenously express sst2A receptors, and in the rat pancreas in vivo (Poll et al. 2010) . The Ser341 and Ser343 residues appear to be phosphorylated by G protein-coupled receptor kinase 2 (GRK2; Liu et al. 2009 or GRK3 , whereas the threonine residues (Thr353, Thr354, Thr356, and Thr359) are phosphorylated by GRK2 and GRK3 (Poll et al. 2010) . Compelling evidence suggests that phosphorylation of Thr residues is required for receptor internalization (Liu et al. 2008 , Poll et al. 2010 , Kao et al. 2011 . In line with these findings, it was demonstrated that in a somatostatinoma, which synthesized and secreted SRIF and in which sst2A receptors are found to be intracellular, the receptors are phosphorylated. By contrast, in an ileal carcinoid tumor in which sst2A receptors are primarily at the cell surface, receptors do not appear to be phosphorylated (Liu et al. 2003) . Heterologous regulation of somatostatin receptor 2 was also demonstrated. Bombesin and cholecystokinin induce phosphorylation of the sst2A receptor via PKC, and PKC activation potentiates internalization of the sst2A receptor in GH4C1 cells stably transfected with rat sst2A receptor and in AR42J rat pancreatic acinar cells expressing endogenous sst2A receptors (Hipkin et al. 1997 , Elberg et al. 2002 . PKC activation induces heterologous receptor phosphorylation in a cell-typespecific manner: both Ser343 and Ser348 are phosphorylated in GH4C1 cells, but only Ser343 is phosphorylated in CHO cells (Liu et al. 2009 ). The rat sst3 receptor also contains phosphate acceptor sites in the C-terminus (Ser341, Ser346, Ser351, and Thr357), which are essential for internalization and desensitization ( Fig. 3 ; Roth et al. 1997b) . In HEK cells stably transfected with rat sst3 receptor, SRIF induced sst3 receptor phosphorylation, which appears independent of the presence of overexpressed GRK2 (Roth et al. 1997a . In human sst5 receptor transfected GH3 cells, agonist-dependent phosphorylation of the Ser242 residue of the third intracytoplasmic loop is crucial for receptor internalization ( Fig. 4 ; Peverelli et al. 2008) . The progressive truncation of the C-terminal tail of human sst5 receptor induces an increase in receptor internalization in GH3 cells (Peverelli et al. 2008 ) but a decrease in transfected CHO cells (Hukovic et al. 1998) . Indeed, trafficking of SRIF receptors may vary between cell types and species, as previously reviewed .
b-Arrestins were originally identified as negative regulators of GPCR signaling, including desensitization and internalization (DeFea 2011). Recent studies have revealed that b-arrestins also serve as intracellular scaffolds and signaling intermediates (DeFea 2011). Initial recruitment of arrestins by GPCRs requires the agonist-induced conformational change of the receptor, while receptor phosphorylation appears to be important for the stability of the arrestin/receptor complex (DeFea 2011). Class A GPCRs only transiently associate with b-arrestin, while class B GPCRs form more stable complexes. Among the somatostatin receptors that internalize, sst1 is the unique subtype that does not recruit b-arrestin 1 or 2 to the plasma membrane after agonist treatment . By contrast, in HEK cells , CHO cells (Liu et al. 2005) , or primary hippocampal neurons (Lelouvier et al. 2008) arrestin-enhanced green fluorescent protein (EGFP) and the rat sst2A receptor, both b-arrestin 1 and b-arrestin 2 were recruited to the plasma membrane after agonist stimulation, formed stable complexes with the receptor, and internalized together (Fig. 5) . Thus, the sst2A receptor is likely to belong to the class B GPCR subgroup. In HEK cells, the rat sst3 and sst5 receptors associate only transiently with both arrestins for the former and with only the b-arrestin 2 for the latter, indicating that both receptors exhibit a class A GPCR pattern . Following agonistinduced internalization, GPCRs either recycle back to the plasma membrane or are degraded. In contrast to the effective recycling of sst2A and sst5 receptors Only with human sst3 C-term (LYS) Figure 3 Rat sst3 receptor interactions and phosphorylation sites (P). The amino acids involved in the protein-protein interaction are indicated by gray bars. C-term, C-terminus; MUPP1, multiple PDZ domain protein 1; N-term, N-terminus; PDZ, postsynaptic density-95/discs large/zonula occludens-1; TMD, transmembrane domain.
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interactions for receptor trafficking has yet to be specified. The C-terminal tail of the sst1 receptor interacts with Skb1Hs (Fig. 1) , the human homolog of the yeast Skb1 (Schwarzler et al. 2000) . Both proteins belong to the protein methyltransferase superfamily. The full C-terminus of sst1 receptor, as well as amino acid sequences close to or within the seventh transmembrane domain, and the full tertiary structure of the Skb1Hs are required for the protein interaction. In transfected HEK cells, Skb1Hs is intracellularly localized in unidentified compartments. When Skb1Hs Rat sst5 receptor interactions and phosphorylation sites (P). The amino acids involved in the protein-protein interaction are indicated by gray bars. Note that human sst5 receptor Ser242 corresponds to rat Ser241. C-term, C-terminus; CC, coiled coil; LZ, leucine zipper; N-term, N-terminus; PDZ, postsynaptic density-95/discs large/zonula occludens-1; PDZK1, PDZ protein expressed in kidney 1; PEX5, peroxisomal receptor; PIST, PDZ domain protein interacting specifically with TC10; T repeat, tetratricopeptide repeat; TMD, transmembrane domain.
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was co-transfected with the sst1 receptor, the two proteins colocalized at the plasma membrane, although a pool of Skb1Hs was still present in the cytoplasm. Co-transfected cells displayed higher SRIF binding sites than HEK cells transfected only with the sst1 receptor. This suggests that Skb1Hs could target or anchor the sst1 receptor at the cell membrane ( Fig. 5 ; Schwarzler et al. 2000) . The C-terminus of the sst1 receptor is also a PDZ ligand for synapse-associated protein 97 (SAP97; Fig. 1 ), a protein that belongs to the PSD-95 family of membrane-associated guanylate kinase homologs (MAGUP). These synaptic scaffolding proteins are key players in the structural organization of the excitatory glutamatergic synapse. Interaction between native sst1 receptor and SAP97 was found by co-immunoprecipitation experiments in adult mouse brain (Cai et al. 2008) .
In transfected HEK cells, it was demonstrated that the C-terminal PDZ ligand motif of the sst1 receptor is required for such an interaction. However, PDZ motif deletion does not change the expression of the sst1 Figure 5 Somatostatin receptor trafficking after agonist stimulation. Following agonist binding, sst receptors 1 (blue), 2 (red), 3 (green), and 5 (yellow) activate kinase signaling pathways, leading to their self-phosphorylation and b-arrestin binding. Once phosphorylated, sst2, sst3, and sst5 receptors are internalized into clathrin-coated vesicles and addressed to endosomes. These receptors can then be either directly recycled to the plasma membrane (short-term internalization cycle) or addressed to a longterm internalization cycle via the TGN. Several proteins can interfere with the different steps of the receptor trafficking such as Skb1Hs that facilitates sst receptor targeting to the plasma membrane, amphiphysin IIb that maintains sst receptors in intracellular compartment, or Shank2 that stabilizes sst receptors at the plasma membrane. The role of amphiphysin IIb is not exclusive of sst receptors and could concern most of the proteins targeted from TGN to plasma membrane (Sarret et al. 2004) . Among the sst receptors, only sst3 is targeted to the degradation pathway. CGN, cis-Golgi network; PIST, PDZ domain protein interacting specifically with teratocarcinoma clone number 10 (TC10).
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receptor at the plasma membrane while the deletion of the full C-tail results in the trapping of the receptor in intracellular compartments. This suggests that interactions with SAP97 or with other PDZ proteins are not implicated in the targeting of the sst1 receptor to the cell surface, even though the sst1 receptor C-tail is required.
Using a yeast two-hybrid screen of a human cDNA library, the PDZ domain of somatostatin receptor interacting protein (SSTRIP), which is also known as SHANK1 and constitutes a major structural scaffolding protein of the postsynaptic density of excitatory synapses, specifically interacts with the C-terminal PDZ ligand of the sst2A receptor ( Fig. 2; Zitzer et al. 1999a) . Interestingly, sst2 receptor and SHANK1 (SSTRIP) mRNAs colocalized in the majority of brain areas, as demonstrated by in situ hybridization studies. Shank2, also termed cortactin-binding protein 1 (CortBP1) or proline-rich synapse-associated protein 1 (ProSAP1), also specifically interacts with the C-terminal PDZ ligand of the sst2A receptor ( Fig. 2 ; Zitzer et al. 1999b) . When Shank2/CortBP1 is expressed alone in HEK cells, its distribution is mainly cytoplasmic. When Shank2/ CortBP1 was coexpressed with the sst2A receptor, the two proteins colocalized at the plasma membrane (Fig. 5 ). This latter effect was increased after SRIF treatment, implying that the receptor agonist increased protein interactions, probably through conformational changes. As for Shank1, the distribution of Shank2, depicted by in situ hybridization, correlates well with that of sst2 receptor mRNAs in the rat brain.
Multiple PDZ domain protein 1 (MUPP1) was first identified as a protein interacting with type 2C serotonin receptor. It contains 13 PDZ domains and acts as a scaffolding protein at tight junctions where it has been reported to interact with integral proteins, anchoring them to the F-actin cytoskeleton. A specific interaction between endogenous sst3 receptor and MUPP1 was demonstrated in human MCF-7 epithelial cells between the PDZ ligand of sst3 receptor and the PDZ domain 10 of MUPP1 ( Fig. 3 ; Liew et al. 2009 ). In primary cultures of keratinocytes, the two proteins colocalized at cellular junctions. In sst3 receptor transfected Madin Darby canine kidney cells, receptors lacking the PDZ ligand domain are diffusely distributed throughout the cells whereas wild-type receptors are colocalized with MUPP1 at tight junctions (Liew et al. 2009 ). In neuronal cells, interactions between sst3 receptor and MUPP1 is not likely since MUPP1 is localized at postsynaptic sites while the sst3 receptor is preferentially targeted to neuronal cilia (Schulz et al. 2000a) .
The PSD-95, which plays an important role in the organization of the postsynaptic specialization of excitatory synapses, interacts via its PDZ domain 2 with the C-terminal of the rat sst1 and sst4 receptors ( Fig. 1; Christenn et al. 2007) . The existence of sst4 receptor/PSD-95 complex was verified by co-immunoprecipitation experiments from transfected HEK cells and solubilized mouse brain membranes. In primary neurons, sst4 receptor partially colocalized with PSD-95 clusters in dendrites, indicating that the role of this interaction could be to anchor the sst4 receptor to postsynaptic sites in neuronal cells.
The protein PIST (PDZ domain protein interacting specifically with teratocarcinoma clone number 10), which is highly expressed in brain and periphery and is mainly localized in the Golgi/TGN, interacts through its unique PDZ domain with the PDZ ligand motifs of both human and rat sst5 receptors ( Fig. 4 ; Wente et al. 2005) . Co-transfection of PIST with the sst5 receptor in HEK cells changes the localization of the receptor from the membrane to the Golgi/TGN compartment, while an sst5 mutant receptor, lacking the PDZ ligand motif, is found at the cell membrane. Interestingly, in HEK cells that do not overexpress PIST, wild-type sst5 receptors activated by a specific ligand are targeted to the Golgi apparatus before being recycled to the plasma membrane, while receptors without the PDZ domain lack the ability to be recycled. This suggests that after endocytosis, the sst5 receptor PDZ-binding domain is indeed necessary for the proper delivery of receptors to the plasma membrane. In mouse pituitary AtT20 cells, which endogenously express the sst5 receptor, both PIST and sst5 receptor are colocalized in the Golgi/ TGN. Although these experiments do not prove that PIST carries the receptor from the Golgi to the plasma membrane, it can be hypothesized that this protein might be, at least, implicated in the trafficking of the sst5 receptor in the Golgi apparatus (Fig. 5) . The rat and human sst5 receptor also interacts via PDZ domaintype interaction with PDZ protein expressed in kidney 1 (PDZK1; Fig. 4) , which regulates membrane localization of ion channels and transporters in the kidney and small intestines (Wente et al. 2005) . Both proteins colocalized at the membrane of transfected HEK cells, suggesting that PDZK1 could anchor the sst5 receptor in endocrine cells. Finally, physical interaction between the human and mouse (but not rat) sst5 receptors and the peroxisomal receptor PEX5 was found in transfected HEK cells ( Fig. 4 ; Wente et al. 2005) . Since there is no evidence for peroxisomal targeting of sst5 receptor in these cells, this suggests that additional factors besides the C-terminal motif are required to target a membrane protein to peroxisomes. On the other hand, one can hypothesize that PEX5 participates in as-yet unknown signaling events.
The homo-and heterodimerization of SRIF receptors were recently reviewed in detail (Duran-Prado et al. 2008) . However, the molecular mechanisms by which dimerization affects receptor trafficking have not yet been elucidated.
Concluding remarks
Important progress has been made in the field of somatostatin receptor trafficking in recent years. Increasing details of how SRIF receptors are removed from the plasma membrane have been elucidated in vitro, and more importantly in a physiological context. Details of how SRIF receptors travel and recycle following internalization have also shed light on the importance of such mechanisms for the diagnosis and treatment of tumors, and the pathophysiology of epilepsies. Although these advances are impressive, more work is needed to identify SRIF receptors' protein partners and analyze their exact role in trafficking and recycling. This is of particular importance to better understand SRIF physiology and to design therapeutic strategies to target this subclass of GPCR.
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